
Carmen Conde, Manuel Mark1,
F.Javier Oliver2, Aline Huber,
Gilbert de Murcia and
Josiane MeÂnissier-de Murcia3

UPR 9003 du CNRS, Laboratoire ConventionneÂ avec le Commissariat
aÁ l'Energie Atomique, Ecole SupeÂrieure de Biotechnologie, UniversiteÂ
Louis Pasteur de Strasbourg, Boulevard SeÂbastien Brant,
F-67400 Illkirch, 1Institut de GeÂneÂtique et de Biologie MoleÂculaire
et Cellulaire, CNRS/INSERM/ULP, ColleÁge de France, BP 163,
F-67400 Illkirch Cedex, France and 2Unidad Mixta de Investigaciones
MeÂdicas, Hospital Clinico San Cecilio, Universidad de Granada, Spain

3Corresponding author
e-mail: josiane@esbs.u-strasbg.fr

PARP-1-de®cient mice display a severe defect in the
base excision repair pathway leading to radiosensitiv-
ity and genomic instability. They are protected against
necrosis induced by massive oxidative stress in various
in¯ammatory processes. Mice lacking p53 are highly
predisposed to malignancy resulting from defective
cell cycle checkpoints, resistance to DNA damage-
induced apoptosis as well as from upregulation of the
iNOS gene resulting in chronic oxidative stress. Here,
we report the generation of doubly null mutant mice.
We found that tumour-free survival of parp-1±/±p53±/±

mice increased by 50% compared with that of parp-
1+/+p53±/± mice. Tumour formation in nude mice
injected with oncogenic parp-1±/±p53±/± ®broblasts was
signi®cantly delayed compared with parp-1+/+p53±/±

cells. Upon g-irradiation, a partial restoration of
S-phase radiosensitivity was found in parp-1±/±p53±/±

primary ®broblasts compared with parp-1+/+p53±/±

cells. In addition, iNOS expression and nitrite release
were dramatically reduced in the parp-1±/±p53±/± mice
compared with parp-1+/+p53±/± mice. The abrogation of
the oxydated status of p53±/± cells, due to the absence
of parp-1, may be the cause of the delay in the onset of
tumorigenesis in parp-1±/±p53±/± mice.
Keywords: cell cycle/g-irradiation/iNOS expression/
knockout mice/nude mice

Introduction

Poly(ADP-ribose) polymerase (PARP-1) is a highly con-
served constitutive factor of the DNA damage surveillance
network developed by the eukaryotic cell to cope with
various environmental and endogenous genotoxic agents
(de Murcia and MeÂnissier de Murcia, 1994). At a site of
DNA breakage, the immediate poly(ADP-ribosyl)ation of
a limited number of nuclear proteins involved in chromatin
architecture and DNA metabolism translates the presence
of DNA interruptions into intracellular signals that modu-
late DNA repair and cell survival. PARP-1 is associated

in vivo with XRCC1, a DNA repair protein involved,
together with DNA polymerase b and DNA ligase III, in
the base excision repair (BER) of DNA (Masson et al.,
1998). PARP-1-de®cient cells display a severe DNA repair
defect that appears to be the primary cause of the observed
genomic instability and the cytotoxicity of DNA damaging
agents inducing BER (Trucco et al., 1998; Beneke et al.,
2000; Dantzer et al., 2000). Accordingly, parp-1±/± mice
are hypersensitive to alkylating agents or g-irradiation
(MeÂnissier de Murcia et al., 1997; Masutani et al., 2000),
but paradoxically are not cancer prone.

The knockout strategy has revealed the unexpected
instrumental role of PARP-1 in cell death after ischaemia±
reperfusion injury (Eliasson et al., 1997), streptozotocin-
induced diabetes (Burkart et al., 1999; Masutani et al.,
1999) and in different pathologies associated with in¯am-
mation (Szabo and Dawson, 1998; Pieper et al., 1999).

We and others (Hassa and Hottiger, 1999; Oliver et al.,
1999) have shown recently that parp-1-de®cient cells are
defective in NF-kB-dependent transcription activation, but
not in its nuclear translocation, in response to tumour
necrosis factor-a and to lipopolysaccharide (LPS), dem-
onstrating a functional link, in vivo, between PARP-1 and
NF-kB. Therefore the complete abrogation of the tran-
scriptional activation of NF-kB leads to a spectacular
improvement of the outcome of a systemic in¯ammatory
process in parp-1±/± mice treated with LPS (Oliver et al.,
1999).

DNA damage caused by exposure to ionizing radiation,
UV light or exogenous chemical mutagens that result in
DNA strand breakage, triggers the accumulation of the
tumour suppressor p53, which transactivates a number of
genes involved in either growth arrest, DNA repair or
apoptosis (for review see Lakin and Jackson, 1999; Oren,
1999; Sionov and Haupt, 1999). Mice lacking p53 are
prone, very early, to the spontaneous development of
malignant lymphomas and sarcomas (Donehower et al.,
1992; Jacks et al., 1994). The early carcinogenesis
observed in these mice was recently related to a
constitutive upregulation of inducible nitric oxide synthase
(iNOS) (Ambs et al., 1998a,b).

p53 and PARP-1 are both involved in the cell's response
to genotoxic stress but presumably at different steps. The
functional interaction between these two proteins being
unknown, here we explore the potential role of PARP-1 in
the p53-de®cient background. Various cohorts of the four
possible homozygous genotypes of both genes were
generated by breeding mice mutant for parp-1 and p53.
Upon g-irradiation, a partial restoration of S-phase radio-
sensitivity was found in primary ®broblasts isolated from
parp-1±/±p53±/± mice compared with parp-1+/+p53±/± mice.
However, the most striking ®nding was the gain in tumour-
free survival promoted by the genetic deletion of parp-1 in
p53-de®cient mice. This signi®cant delay in tumour
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formation was con®rmed in nude mice injected with ras-
transformed ®broblasts from parp-1±/±p53±/± mice. The
retarded initiation in spontaneous tumour formation in
double-mutant mice was inversely correlated with the
cell's ability to activate iNOS protein expression and
generation of NO-derived oxidative products.

Taken together, our results show that the PARP-1 status
dramatically in¯uences tumour latency and cell prolifera-
tion, which could lead to new therapeutic approaches for
the treatment of human p53 mutant tumours.

Results

Genetic deletion of parp-1 in p53-de®cient mice
promotes a gain in tumour-free survival
Pregnant or nursing parp-1+/+p53±/± females tend to
develop tumours and attempts to use these mice to
generate parp-1+/+p53±/± mice have often failed.
Therefore, parp-1+/+p53+/± mice were intercrossed to
generate parp-1+/+p5+/+ mice and parp-1+/+p53±/± mice.
Consistently, the parp-1±/±p53±/± mice were generated
from parp-1±/±p53+/± intercrosses although parp-1±/±p53±/±

females are generally able to produce progeny.
parp-1±/±p53±/± mice were born at the predicted
Mendelian frequency indicating that there was no prenatal
death of the double mutant.

Mice of the four genotypes were observed concurrently
to determine the spontaneous rate of tumour development.
During the time of the study, no parp-1+/+p53+/+ or
parp-1±/±p53+/+ mice died. We found that parp-1±/±p53±/±

mice had substantially longer lifespans compared with the
parp-1+/+p53±/± control mice (Figure 1A). The average age
at which tumour formation occurred in the parp-1+/+p53±/±

mice was 15±16 weeks compared with 24 weeks for
parp-1±/±p53±/± mice. When they became moribund mice
were killed and a detailed histological analysis of the
tumour was conducted (Table I). Nearly all the mice had
succumbed to tumours although some of them (two
parp-1+/+p53±/± and one parp-1±/±p53±/± mice) presented
unresolved infections. These cases were not included in
Table I.

The histological analysis showed that both groups of
mice developed predominantly lymphomas, although
sarcomas were also observed. Flow cytometric analysis
of parp-1+/+p53+/± and parp-1±/±p53+/± thymic lymphomas
revealed that they were exclusively of immature T-cell
origin (data not shown), as described previously (Jacks
et al., 1994). Although the vast majority of p53±/± thymic
lymphomas are in the CD4+/CD8+ double positive class,
we found some double negative CD4±/CD8± thymic
lymphomas in parp-1±/±p53±/± mice. Therefore, the longer
latency for tumour formation in the double-mutant animals
might be a re¯ection of resistance of double-positive cells
to transformation or tumour development. T-cell lympho-
mas were also described in PARP-de®cient mice in SCID
background (Morrison et al., 1997). The tumour spectrum
observed in parp-1±/±p53±/± mice is therefore similar to that
seen in parp-1+/+p53±/± mice, and is consistent with that
reported previously (Jacks et al., 1994) in p53±/± mice.
These results suggest that parp-1 does not determine the
cell type of the tumour but may contribute to the initiation
step of tumorigenesis. To explore this hypothesis, we
tested the ability of parp-1+/+p53±/± and parp-1±/±p53±/±-

transformed primary ®broblasts to generate tumours in
immunocompromised BALB/c nude mice.

Tumour formation is delayed in nude mice
injected with ras-transformed ®broblasts from
parp-1±/±p53±/±

Oncogenic ras ef®ciently transforms rodent primary cells
de®cient in p53 or p16 (Tanaka et al., 1994; Serrano et al.,
1996). We have introduced an activated ras allele (H-ras
V12) into parp-1+/+p53±/± and parp-1±/±p53±/± primary
®broblasts using recombinant replication-de®cient retro-
virus (Serrano et al., 1997). Before transformation,
PARP-1 and p53 expression in mouse embryonic ®bro-
blasts (MEFs) was analysed by western blotting. As shown
in Figure 2A, PARP-1 expression was found in parp-
1+/+p53+/+ and in parp-1+/+p53±/± MEFs and 4 h after
5 Gy g-irradiation, p53 was detectable in parp-1+/+p53+/+

and in parp-1±/±p53+/+ ®broblasts.
The presence of oncogenic ras detected by Southern

blotting with a ras V12 DNA probe was used to determine
the transduction ef®ciency in parp-1+/+p53±/± and
parp-1±/±p53±/± primary ®broblasts. As shown in
Figure 2B, oncogenic ras was detected in both primary
cells. We then tested whether immortalization of both cell
lines was achieved by the expression of the H-ras V12
oncogene. Changes in cell morphology were observed
after retroviral infection and puromycin selection of pure
populations. Both parp-1+/+p53±/± and parp-1±/±p53±/±

cells adopted a prominent refractile morphology
(Figure 2C) compared with parental lines. Furthermore,
both cell lines continued to incorporate bromodeoxy-
uridine (BrdU) and to proliferate although the rate of
proliferation of parp-1±/±p53±/± cells was 25% less than
that of parp-1+/+p53±/±cells (data not shown). The
tumorigenicity of ras-transduced primary (passage 1)
parp-1+/+p53±/± and parp-1±/±p53±/± embryonic ®broblasts
was demonstrated by their ability to form colonies in soft
agar, a measure of anchorage-independent growth, and to
produce tumours when implanted subcutaneously (s.c.)
into immunocompromised nude mice. When grown in soft
agar, both ras-transduced ®broblasts formed colonies

Fig. 1. Kaplan±Meier plot of tumour incidence in parp-1+/+p53±/± and
parp-1±/±p53±/± mice. The percentage of mice remaining tumour free
versus mice alive at the outset is plotted against age. The difference
was highly signi®cant (p <10±5 by Gehan's Wilcoxon test and p <10±5

by log-rank test). Note that during the time of study, no parp-1+/+

p53+/+ or parp-1±/±p53+/+ mice died.
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(Figure 2D). Notably, parp-1±/±p53±/± colonies were
smaller than parp-1+/+p53±/± colonies, suggesting that
transformed parp-1±/±p53±/± cells need a more physio-
logical environment to develop.

To avoid secondary mutations associated with culture
passage, we injected s.c. into BALB/c nude mice primary
®broblasts at passage 1, 36 h after retroviral infection.
Eight BALB/c nude mice 6±8 weeks old were injected
with 0.5 3 106 transformed parp-1+/+p53±/± cells in the
right thigh and the same number of transformed
parp-1±/±p53±/± cells in the left thigh. Their tumour-
forming ability was evaluated by measurements of tumour
growth twice weekly. All the sites injected with trans-
formed parp-1+/+p53±/± developed tumours (8/8), which
were visible 15 days after injection. The mice were killed
22±25 days after injection, when they became severely
ill. At that time, no tumour (0/8) was detected in the
sites injected with transformed parp-1±/±p53±/± cells
(Figure 3A).

To test whether the modulation of the tumour micro-
environment could affect the ef®ciency of tumour forma-
tion in parp-1±/±p53±/± cells, 2 3 106 transformed
®broblasts were mixed with Matrigel before implantation
into nude mice. Tumour formations were observed in all
cases (6/6), indicating that the stromal microenvironment
has signi®cant in¯uence on parp-1±/±p53±/± tumour growth.
Although parp-1+/+p53±/± cells formed tumours rapidly, a
signi®cant delay was observed in the initiation of
parp-1±/±p53±/± tumour formation (Figure 3B), indicating
that the loss of PARP-1 expression in a p53±/± background
affects the ef®ciency of tumour formation. We reasoned
that the tumour cells might have quite different cell cycle

parameters when introduced into a s.c. site. To test this, we
isolated cells of explanted tumours from both genotypes
and analysed the percentage of cells in S phase following
BrdU incorporation. We found that parp-1+/+p53±/± cells
proliferate slightly more rapidly than parp±/±p53±/± cells
(S phase: 25.9 6 7% and 21.0 6 0.4% for parp-
1+/+p53±/± and parp-1±/±p53±/± cells, respectively. This
difference could account for reduced progression of the
tumour. Moreover, histological analysis of tumours of
both genotypes showed poorly differentiated cells without
any detectable apoptotic event (Figure 3C).

Table I. Tumor spectrum of parp-1+/+p53±/± and parp-1±/±p53±/± mice

Case Genotype Histological site Anatomical site

1 parp-1+/+p53±/± teratoma ovary
2 parp-1+/+p53±/± lymphoma thymus
3 parp-1+/+p53±/± ND stomach
4 parp-1+/+p53±/± osteosarcoma femur
5 parp-1+/+p53±/± lymphoma thymus
6 parp-1+/+p53±/± lymphoma thymus
7 parp-1+/+p53±/± lymphoma thymus
8 parp-1+/+p53±/± lymphoma hepatic

metastasis
9 parp-1+/+p53±/± lymphoma thymus
10 parp-1+/+p53±/± lymphoma thymus
11 parp-1+/+p53±/± lymphoma thymus
1 parp-1±/±p53±/± lymphoma thymus
2 parp-1±/±p53±/± lymphoma thymus
3 parp-1±/±p53±/± lymphoma thymus
4 parp-1±/±p53±/± ®brosarcoma muscle
5 parp-1±/±p53±/± osteosarcoma femur
6 parp-1±/±p53±/± adenosarcoma lung
7 parp-1±/±p53±/± lymphoma thymus
8 parp-1±/±p53±/± lymphoma thymus
9 parp-1±/±p53±/± lymphoma thymus
10 parp-1±/±p53±/± angiosarcoma vessel
11 parp-1±/±p53±/± lymphoma thymus +

ovarian metastasis
12 parp-1±/±p53±/± epithelioma

baso-cellular
skin

13 parp-1±/±p53±/± lymphoma hepatic metastasis
14 parp-1±/±p53±/± ND ?
15 parp-1±/±p53±/± lymphoma thymus
16 parp-1±/±p53±/± lymphoma thymus

Fig. 2. (A) Western blot analysis of PARP-1 and p53 expression in
nuclear (p53) or crude (PARP-1) extracts of MEFs of the indicated
genotypes. p53 protein was induced after 5 Gy irradiation. (B) Southern
blot of HindIII-digested DNA from parp-1+/+p53±/± and parp-1±/±p53±/±

MEFs infected or not with H-ras V12 retrovirus, using the ras V12
probe. (C) Morphology of primary and transformed parp-1+/+p53+/+

and parp-1±/±p53 ®broblasts. (D) Anchorage-independent growth of
transformed parp-1+/+p53±/± and parp-1±/±p53±/± ®broblasts.
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3537



Partial restoration of the cell cycle G1 arrest
following g-irradiation in double-mutant cells
Given the importance of controlling the checkpoints for
the prevention of neoplasia, we measured the cell cycle
progression through the S phase of asynchronous primary
MEFs of the four genotypes 18 h after g-irradiation
(5 Gy). The percentages of S-phase cells were assayed
by ¯ow cytometry (Figures 3B and 4A). The p53 protein is
a regulator of the G1 checkpoint (Levine, 1997).
Irradiation exposure of wild-type as well as parp-1±/±

p53+/+ MEFs resulted in a drastic reduction (50.2 6 6.7
and 25.2 6 7.4%, respectively) of the number of
BrdU-positive S-phase cells. In contrast, the G1/S-phase

checkpoint in parp-1+/+p53±/± cells was defective, result-
ing in an increase (32.8 6 3.5%) in BrdU-positive cells, as
reported previously (Kastan et al., 1992). There was also a
marked reduction (14.8 6 5.6%) in BrdU-positive
parp-1±/±p53±/± MEFs after irradiation. Thus, in the
absence of PARP-1, a partial restoration of the G1/S-
phase checkpoint occurs in p53±/± MEFs that might
account for the observed delay in tumorigenesis.

Increased genomic instability in primary
®broblasts from double-mutant mice
Genomic instability often correlates with a susceptibility
to mutation and consequently with a propensity to
carcinogenesis. It has been reported previously that both
PARP-1 (MeÂnissier de Murcia et al., 1997; Wang et al.,
1997; Trucco et al., 1998; Simbulan-Rosenthal et al.,
1999) and p53 act to prevent genomic instability (Harvey
et al., 1993; Lee et al., 1994). During their in vitro
passaging, the tumorigenic parp-1+/+p53±/± and
parp-1±/±p53±/± MEFs expressing H-ras V12 might have
sustained genetic changes such as chromosomal abnor-
malities. This genomic instability might well predispose to

Fig. 3. (A) Tumour formation in BALB/c nude mice. This
representative mouse was inoculated with transformed parp-1+/+p53±/±

®broblasts in the right thigh and transformed parp-1±/±p53±/± ®broblasts
in the left thigh. (B) Tumour volume plot after s.c. injection of
parp-1+/+p53±/± and parp-1±/±p53±/± transformed ®broblasts mixed in
equal volume of Matrigel into Balb/c nude mice. For each genotype,
six sites were injected. Each point represents the mean 6 SD of
measurements. The difference was signi®cant at all data points
( p <0.006, Mann±Whitney U-test).

Fig. 4. (A) Representative ¯ow cytometry scatter plots of MEFs nuclei
18 h after irradiation (5 Gy), plotted as increasing ¯uorescence of
propidium iodide (PI; x-axis) versus increasing FITC ¯uorescence
obtained with an anti-BrdU±FITC-conjugated antibody (y-axis). Gating
for S-phase cells is shown in the panel from unirradiated wild-type
mice (upper left). (B) Graph representing the mean 6 SD change in the
percentage of S-phase cells after irradiation (n = 3±6).
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carcinogenesis. Both primary parp-1+/+p53±/± and
parp-1±/±p53±/± populations contained a mixture of near-
diploid (65%) and near-tetraploid (35%) cells. The
majority (70%) of tumorigenic parp-1+/+p53±/± and
parp-1±/±p53±/± cells expressing H-ras V12 are near
tetraploid. Since micronuclei represent extranuclear
chromosomal fragments that are not incorporated into
the nucleus during mitosis, they are considered as
biomarkers of chromosomal instability. Spontaneous pri-
mary binucleated ®broblasts containing micronuclei were
enumerated from four different genotypes. As shown in
Figure 5, the percentage of parp-1±/±p53+/+ (3.3 6 0.4%)
and parp+/+p53±/± (4.5 6 0.1%) MEFs containing micro-
nuclei was increased by a factor of 1.4±1.9 compared with
the wild-type cells (2.3 6 1.3%), whereas double-mutant
MEFs containing micronuclei (7.1 6 2.1%) increased
3-fold in comparison with wild-type controls
(p <0.005). These results further indicated that (i) the
lack of both PARP-1 and p53 had a synergic effect on
genomic stability and (ii) the observed tumorigenicity did
not seem to be correlated with the level of spontaneous
genomic instability.

Reduction of iNOS expression and nitrite, and
nitrate release in double-mutant mice
iNOS expression is deregulated in both mouse models:
downregulation in parp-1±/± mice (Oliver et al., 1999) and
upregulation in p53±/± mice (Ambs et al., 1998a,b).
Macrophages being the main source of iNOS, we deter-
mined the basal and LPS-induced iNOS expression and
NO release in macrophages of the four genotypes. Mice
were treated with LPS (20 mg/kg i.p.) and 18 h later, the
iNOS protein levels were determined in peritoneal
macrophages by western blotting (Figure 5A). Following
LPS treatment, iNOS expression was increased in macro-
phages taken from parp-1+/+p53+/+mice, but not from
parp-1±/±p53+/+ mice, as expected (Oliver et al., 1999). In
contrast, iNOS protein levels were increased in parp-1+/+

p53±/± cells, as reported previously (Ambs et al., 1998b).
A dramatic reduction of iNOS expression was also
observed in parp-1±/±p53±/± cells. This differential expres-
sion of iNOS in all four genotypes, was re¯ected in
measurements of nitrite plus nitrate release in the super-
natant of cultured primary macrophages stimulated
with LPS (5 mg/ml) (Figure 6B). Because parp-1+/+

p53±/± and parp-1±/±p53±/± mice spontaneously developed
predominantly thymic lymphomas, we sought to deter-
mine whether the deregulated iNOS expression was

Fig. 5. Micronuclei formation in primary MEFs at passage 2 isolated
from mice of the indicated genotypes. A total of 700±1000 binucleated
cells in each genotype was counted.

Fig. 6. (A) Western blot analysis of iNOS expression in crude extracts
of peritoneal macrophages from mice of the genotypes indicated, 18 h
after LPS treatment. Expression of actin is shown as a loading control.
(B) Nitrite release in primary cultured murine macrophages from mice
of the indicated genotype treated or not with 5 mg/ml LPS for 24 h.
Each value represents the mean 6 SD of three independent
experiments. (C) iNOS expression in crude extracts of splenocytes
derived from parp-1+/+p53±/± and parp-1±/±p53±/± mice.
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speci®c to macrophages or whether this occurred in
thymocytes as well. To test this hypothesis, we performed
western blot analysis on cellular extracts from parp-1+/+

p53±/± and parp-1±/±p53±/± thymus. The results showed
that iNOS is downregulated in parp-1±/±p53±/± compared
with parp-1+/+p53±/± thymocytes (Figure 6C). Therefore,
the downregulation of iNOS in parp-1±/±p53±/± mice,
accompanied by a drop in the oxidative status, may
contribute to the delayed tumour initiation observed in
double-mutant mice, by decreasing the mutagenic poten-
tial of NO (Caul®eld et al., 1998).

Discussion

PARP-1 activity now appears to be a pivotal determinant
in the mechanism of oxidant-induced cell death (Ha and
Snyder, 1999). Recent studies from several laboratories
have implicated PARP-1 in the pathogenesis of various
diseases, such as myocardial ischaemia±reperfusion injury
(Thiemermann et al., 1997; Zingarelli et al., 1998; Pieper
et al., 2000), endotoxic shock (Hassa and Hottiger, 1999;
Oliver et al., 1999), arthritis (Szabo et al., 1998), type-1
diabetes (Burkart et al., 1999; Masutani et al., 1999) and
brain ischaemia (Eliasson et al., 1997). The inactivation of
parp-1 in genetically engineered animals confers protec-
tion against the diseases mentioned above. Signi®cant
protection against oxidant-induced tissue damage can also
be achieved with pharmacological PARP-1 inhibitors
(Szabo and Dawson, 1998; Szabo et al., 1998). Various
mechanisms have been proposed to explain the role of
PARP-1 in the pathogenicity of these diseases. The most
prevalent explanation is the so-called `PARP suicide
pathway': the oxygen-derived free radicals, NO and
peroxynitrite are generated during in¯ammation and
induce DNA single-stranded breaks, which in turn over-
activate PARP-1 (Berger, 1985). This excessive activation
leads to intracellular NAD+ and ATP depletion resulting in
mitochondrial free radical generation and cell necrosis (Ha
and Snyder, 1999; Pieper et al., 1999). We and others have
reported previously a functional link between PARP-1 and
the transcription factor NF-kB in a model of endotoxic
shock (Hassa and Hottiger, 1999; Oliver et al., 1999).
PARP-1-de®cient mice are extremely resistant to death
induced by LPS because NF-kB-dependent transcription is
impaired, consequently the in vivo release of in¯ammatory
mediators as well as iNOS expression are downregulated
during endotoxic shock. PARP-1 appears to promote
in¯ammation by co-activativation of NF-kB-dependent
transcription and by mediating the cytotoxicity of NO
derivatives.

The data presented in this study reveal a new role for
PARP-1 in tumorigenesis that, again, appears to be linked
to the regulatory properties of the cell's oxidative status.
We have demonstrated that spontaneous tumour develop-
ment in p53±/± mice is signi®cantly delayed in the absence
of PARP-1, resulting in increased survival of parp-1±/±

p53±/± mice. Furthermore, tumour formation in nude mice
showed that PARP-1 inactivation interfered with the
initiation step of tumorigenesis. While the injection of
0.5 3 106 ras-transformed cells generated tumours at
15 days post-injection, parp-1±/±p53±/± ras-transformed
cells failed to generate any visible tumour, except when
mixed with Matrigel. Even then tumour initiation was

clearly delayed compared with that generated with single
p53 mutant cells (Figure 2C). Matrigel is a solubilized
basement membrane preparation whose major components
are laminin, collagen IV, heparan sulfate, proteoglycans
and multiple growth factors. Matrigel could supply
effective support for the attachment of transformed cells
and a higher concentration of survival factors providing
optimal conditions for the proliferation of ras-transformed
parp-1±/±p53±/± cells. It is conceivable that in the absence
of PARP-1, ras-transformed p53±/± cells were unable to
proliferate and develop tumours, explaining the observed
delay in tumorigenesis in double-mutant mice.

Although the double-mutant mice exhibited more
spontaneous genomic instability compared with parp-1+/+

p53±/± mice, they did not exhibit an acceleration of tumour
formation. In contrast, genomic instability inversely
correlates with tumour development maybe through the
induction of various cell cycle checkpoints. Consistent
with these results, PARP-1-de®cient mice did not show
any particular predisposition to develop tumours but
displayed genomic instability (Figure 5; MeÂnissier de
Murcia et al., 1997; Wang et al., 1997; Trucco et al., 1998;
Simbulan-Rosenthal et al., 1999). Genomic instability
per se may therefore not be suf®cient for tumorigenesis.

Among alternative mechanisms that could be respon-
sible for the delay in tumour formation in p53-de®cient
mice, we examined the epistatic relationship between
PARP-1 and p53 in response to g-irradiation through
S-phase progression. Radioresistant-DNA synthesis is one
of the p53±/± ®broblast phenotypes (Harvey et al., 1993),
whereas parp-1±/± ®broblasts exhibit normal G1/S check-
point. parp-1±/±p53±/± cells showed a reproducible partial
restoration of the G1/S checkpoint that might account for
the delay in tumorigenesis observed in vivo. However, the
molecular mechanism underlying this restoration remains
unknown.

NO is synthesized from L-arginine by a family of
enzymes called NO synthases (NOSs). The inducible
isoform of NOS (iNOS or NOS2) generates NO for longer
periods of time and at rates several orders of magnitude
greater than the constitutive isoforms (Nicolson et al.,
1993). High levels of NO and peroxynitrite formed from
their interaction with the superoxide anion have been
shown to induce damage to membranes, oxidation of
intracellular proteins, DNA single-stranded breaks, nitro-
sative deamination and DNA base oxidative damage. High
NO concentrations are elevated in ulcerative colitis
(Singer et al., 1996) and other chronic in¯ammatory
conditions, such as chronic hepatitis and Helicobacter
pylori gastritis (Mannick et al., 1996), that predispose
individuals to cancer. An abundant expression of NOS, as
well as NOS activity, has been positively correlated with
the degree of malignancy in human ovarian and uterine
cancers (Thomsen et al., 1994), central nervous system
tumours (Cobbs et al., 1995) and breast cancer (Thomsen
et al., 1995). Numerous studies in animal models have also
provided direct evidence for a stimulatory role of NO in
tumour progression. In a rat colonic adenocarcinoma
model showing iNOS expression in the tumour vascula-
ture, treatment with NG-nitro-L-arginine methyl ester
(L-NAME), a potent NOS inhibitor, reduces NO produc-
tion and tumour growth (Kennovin et al., 1994). Similarly,
engineered expression of murine iNOS in a human colonic
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adenocarcinoma cell line resulting in continuous, moder-
ate levels of NO production in vitro, was associated with
increased tumour growth and vascularity in vivo following
transplantation in nude mice (Jenkins et al., 1995). The
exposure of cells to high concentrations of NO results in
wild-type p53 accumulation, which in turn mediates a
trans-repression of iNOS gene expression in a regulatory
negative feedback loop (Forrester et al., 1996). In line with
this, p53±/± constitutively upregulates the iNOS gene,
leading to sustained production of NO in some cell types
(Ambs et al., 1998b). This excessive NO production
leading to radical-induced DNA damage as well as
inhibition of DNA repair enzymes, may promote the
lymphomagenesis observed in these mice. The data
presented here show a dramatic reduction in iNOS
expression and NO production in the macrophages of
parp-1±/±p53±/± mice upon LPS stimulation. Thus, the
absence of PARP-1 downregulates the iNOS gene expres-
sion in p53-de®cient mice, reducing the high levels of NO
observed in these mice. The decreased carcinogenic
potential of NO in parp-1±/±p53±/± mice could therefore
explain the delay in tumorigenicity. In line with this, it is
interesting to notice that the disruption of the gene
encoding p66shc, an enzyme involved in oxidative stress
response, confers a heightened cellular resistance to agents
that cause oxidative damage and a 30% increase in
lifespan (Migliaccio et al., 1999).

These and previous results (Oliver et al., 1999) from this
laboratory are in full agreement with previously published
data showing the attenuation or abrogation of established
in¯ammatory diseases (Thiemermann et al., 1997; Szabo
and Dawson, 1998; Pieper et al., 1999; Jijon et al., 2000)
and a lack of tumorigenicity caused by the pharmaco-
logical inactivation of PARP-1 in vivo (Tseng et al., 1987;
Bauer et al., 1996). It has also been shown recently that
inhibition of PARP-1 by overexpression in HeLa cells of a
trans-dominant-negative mutant dramatically reduces
tumour formation of these cells injected into nude mice
(Hans et al., 1999). The suggested mechanism was an
increase in apoptosis due to the expression of a dominant-
negative PARP mutant. In our model, this increase in
apoptosis did not occur. The absence of PARP-1 failed to
activate a p53-independent apoptotic pathway, suggesting
that other mechanisms could be implicated in the observed
interference with tumorigenesis.

The present results suggest a possible therapeutic
approach to human cancers, most of which are p53
mutated. It is possible that in speci®c tumours expressing
functional p53, inactivation of PARP-1 may sensitize
tumour cells to therapeutic irradiation. In addition, thera-
peutic targeting of PARP-1 may improve the clinical
outcome by retarding the growth of tumours expressing
mutant p53. Such an approach would have to be carefully
tailored in order to avoid toxicity derived from DNA repair
inhibition in surrounding tissues.

Materials and methods

Generation of parp-1±/±p53 ±/± mice
parp-1±/± and p53±/± mice were described previously (Jacks et al., 1994;
MeÂnissier de Murcia et al., 1997) and both were in the mixed genetic
background C57BL/6 3 129Sv. parp-1±/± females were bred with a
p53+/± male to generate parp-1+/±p53+/± mice, which were intercrossed to

generate parp-1+/+p53+/± and parp-1±/±p53+/± progeny. parp-1+/+p53+/±

and parp-1±/±p53+/± mice were then intercrossed to generate mice of the
four genotypes: parp-1+/+p53+/+, parp-1±/±p53+/+, parp-1+/+p53±/± and
parp-1±/±p53±/±.

Cell culture and cell cycle analysis
MEFs were derived from day 13.5 embryos as described (Serrano et al.,
1997). parp-1+/+p53±/± and parp-1±/±p53±/± were obtained from inter-
crosses of parp-1+/+p53+/± and parp-1±/±p53+/±, respectively. MEFs were
cultured in Dulbecco's modi®ed Eagle's medium (DMEM, Sigma)
supplemented with 10% fetal calf serum (FCS) and 0.05 mg/ml
gentamicin at 37°C with 5% CO2. For cell cycle analysis, primary
MEFs at passage 2 were grown in 75 cm2 ¯asks at a density of 106 cells/
¯ask in normal DMEM, irradiated with a 60Co g-ray (5 Gy) source and
cultured for 18 h. Then, the medium of the irradiated and non-irradiated
MEFs was supplemented with 10 mM BrdU. After 30 min of BrdU
labelling, cells were harvested, ®xed in 70% ethanol, and analysed using a
FACScan and the Cellquest program as described previously (MeÂnissier
de Murcia et al., 1997). DNA content was revealed using propidium
iodide and DNA synthesis by staining with V-¯uorescein-5-isothio-
cyanate (FITC)-conjugated anti-BrdU antibody (Pharmingen). At least
104 cells were analysed per sample.

Tumorigenicity assay
Passage-1 MEFs were infected with an H-ras V12 oncogene-expressing
retrovirus (kindly provided by M.Serrano, CNBC, CSIC, Madrid, Spain)
as described previously (Serrano et al., 1997). Thirty-six hours after
infection, cells were trypsinized, washed twice in phosphate-buffered
saline (PBS) and 0.5 3 106 cells were injected s.c. into 6- to 8-week-old
female BALB/c nude mice (Iffa-Credo, L'Arbresle, France). In some
experiments, 2 3 106 transformed cells mixed in equal volume of cold
Matrigel (Becton Dickinson, Bedford, MA, USA) were injected. Tumour
volume (V ) was determined twice a week by calliper measurement of the
length (L) and width (W) as V = (L 3 W2)/2 (Soengas et al., 1999).
Tumour cells were re-isolated by mincing the tumour and incubation in
collagenase for 4 h. After washing in PBS, the cells were replated in
DMEM supplemented with 10% FCS.

Soft agar assays
A bottom layer of 0.8% agar in DMEM was ®rst placed on to 6 cm dishes.
Ras-transformed parp-1+/+p53+/± and parp-1±/±p53+/± ®broblasts
(5 3 103 cells) were seeded in 0.3% top agar containing DMEM and
30% FCS. Colonies were counted after 3 weeks.

Micronuclei assay
Primary MEFs at passage 2 were seeded on coverslips the day before
treatment with cytochalasin B (6 mg/ml) (Fenech and Morley, 1985), and
24 h later micronuclei were determined as described previously (Trucco
et al., 1998).

Western blot analysis
Total or nuclear (Velasco et al., 1997) proteins were separated by 10%
SDS±PAGE, transferred to a nitrocellulose membrane and probed with
either anti-iNOS (Sigma), anti-p53 (pAb 421) or anti-PARP-1 (VIC-5)
antibodies. Bound antibodies were revealed with goat anti-rabbit or sheep
anti-mouse±horseradish peroxidase and blots were developed using the
Renaissance blotting detection system (New England Nuclear, Boston,
MA).

Southern blot analysis
Genomic DNA (15 mg) from retroviral-infected MEFs was restricted with
HindIII, electrophoresed on a 1% agarose gel and transferred to a
nitrocellulose sheet (Amersham) according to the manufacturer's
protocol. The radiolabelled mouse oncogenic ras cDNA excised by
HindIII from the retroviral pLPCX ras plasmid (Morgenstern and Land,
1990; Serrano et al., 1997) was used as a probe to hybridize the
membrane. The hybridized ®lter was exposed to X-ray ®lm.

Nitrite release
Nitrite release in the culture medium of murine macrophages was
determined by the Griess reaction as described previously (Szabo et al.,
1994), following stimulation in vitro with 1 mg/ml LPS for 24 h.
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